Intravital video microscopy was used to investigate leukocyte margination in 80 mesenteric venules (19 to 54 bm) of 50 anesthetized rabbits. After intravenous (IV) bolus injection, sulfated polysaccharides reduced in a reversible and dosedependent way the number of leukocytes rolling slowly along the venular wall. The presence of sulfate groups is essential because other negatively charged or neutral polysaccharides had no effect. It was not caused by an increase in RBC velocity or chelation of divalent cations. Inhibition by sulfated dextrans (n = 7) was independent of molecular weight (mol wt 13,000 to 500,000) but was influenced by the average number of sulfate groups per monosaccharide. With substitution 0.13, the gO%-inhibition dose was 104 mg/kg, with 0.7 it was 56 mg/kg, and between substitution 1 and 2 it ranged from 20 to 23 mg/kg. At 100 mg/kg, plasma concentra-N TISSUES prepared for intravital microscopic observa-
I tion, leukocytes are often observed rolling or sliding along the wall of venules. Their velocity is distinctly less than that of the other blood Leukocyte rolling is usually not observed in arterioles. It is probably the first step of leukocyte margination in venules during inflammatory processes, ultimately leading to prolonged adhesion, diapedesis, and extravascular migration.) In addition, rolling might be one of the mechanisms responsible for the existence of the marginal leukocyte ~0 0 1 s .~ The cells in these pools can be rapidly mobilized into the circulation:
Much is known about the biophysical aspects of leukocyte rolling in venule^'^^^^^*; however, the cell surface structures mediating rolling have not been explored. Besides glycoproteins: proteoglycans are also involved in cell adhesion phenomena." They contain long and negatively charged polysaccharide chains such as chondroitin sulfate, dermatan sulfate, and heparan sulfate, all of which can be synthesized by endothelial cells." Content and composition of endothelial cell surface proteoglycans may differ depending on vessel type and location, even in microvessels." In addition, sulfated macromolecules appear to be involved in lymphocyte recirculation.' Therefore, sulfated polysaccharide chains may play a role in the rolling of leukocytes along venular endothelium.
We wished to investigate in vivo whether sulfated polysaccharides injected intravenously (IV) could block binding sites important for leukocyte rolling. When these substances proved to inhibit leukocyte rolling, additional experiments were performed to determine the possible mechanism, including studies examining the role of the negative electrical charge. Whether rolling contributed to formation of the marginal leukocyte pools was also evaluated. In addition, experiments were performed with protamine, a positively charged polypeptide that readily binds to sulfated polysaccharides."
MATERIALS AND METHODS
Fifty New Zealand White rabbits of either sex (weight 1.7 to 3.2 kg) received diazepam intramuscularly (IM 4 to 5 mgkg). Thereafter, they were anestheAnimals and intravital microscom. tion was 0.6 to 0.7 mg/mL. Xylan sulfate (mol wt 6,000, substitution 1.8) gave 90% inhibition at 11 mg/kg, and heparin gave 90% inhibition at 97 mg/kg. Duration of inhibition (0.5 to 2 hours) depended on mol wt and appeared to be related to plasma clearance. Because protamine also inhibited rolling (12 mg/kg; <10 minutes), we propose that repetitive formation and breakup of ionic bonds between sulfate groups and positively charged amino acids is involved in leukocyte rolling. During inhibition of rolling, systemic lymphocyte/monocyte levels appeared to increase. Granulocyte counts did not change, indicating that rolling is not the main mechanism responsible for the marginal granulocyte pool. o 1991 by The American Society of Hematology.
tized with 20% urethane (8 to 10 mLkg), injected in a marginal ear vein. A catheter was placed in the left jugular vein for additional small doses of urethane and injection of substances. A tracheal tube was placed to facilitate breathing. Rectal temperature (36" to 39°C throughout the experiments) was used to control the heating pad of the animal.
In 20 animals, a catheter was positioned in the right carotid artery for collection of blood and measurement of blood pressure (external transducer: Century Technology Company [CTC], Inglewood, CA; CP-01). Gas values and pH of blood samples were measured with an acid-base analyzer (ABL 3, radiometer). Throughout these experiments, values of mean arterial pressure (MAP) generally were within 70 to 90 mm Hg, arterial pH within 7.30 to 7.45, PCO, 30 to 50 mm Hg, and PO, 70 to 100 mm Hg.
Leukocyte levels in the systemic circulation were determined with a Burker chamber. Blood was collected in Turks solution (0.2 mg Gentian violet in 1 mL glacial acetic acid, 6.25% volhol). Shortly after induction of anesthesia, but before injection of any substance, total leukocyte count ranged from 2.7 to 9.0 x 103/pL (median 5.85). Monomorphonuclear cell counts, ie, lymphocytes and monocytes, ranged from 1.5 to 5.6 x 103/pL (median 3.35); and polymorphonuclear counts, ie, granulocytes, ranged from 0.8 to 5.7 x 103/pL (median 2.15). Granulocyte counts as a percentage of total leukocyte counts ranged from 23% to 64% (median 39.5%). Cell counts remained relatively constant during the first 1.5 to 2 hours of an experiment, but thereafter started to increase. At approximately 3 hours, total leukocyte counts were on the average 2.5 to 3.0 times the initial value.
TANGELDER AND ARFORS
For intravital microscopic observation, the mesentery was used. Leukocyte rolling is invariably present in this thin and transparent tissue after its exposure. Through a midline abdominal incision, the distal part of the ileum was exteriorized. The mesenterywas spread over a siliconized glass plate mounted in an electrically heated microscope table (37°C). Care was taken not to touch or stretch the mesentery itself. The preparation was continuously superfused with a buffered (pH 7.4) Krebs-Henseleit or Tyrode's solution kept at 36" to 37°C. The bowels were kept moist with overlying wet gauze and covered with Saran wrap to minimize evaporation and cooling.
Preparations were allowed to stabilize for at least 10 minutes. In 22 animals, a second fresh mesenteric loop was exposed after 1 to 2 hours. Most of the experiments were performed within 2.5 hours after exposure of a mesenteric loop (median 80 minutes, maximum 4 hours).
Observations were made with a Leitz intravital microscope, using water-immersion objectives (salt water [SW] 25 X or ultropak objective [UO] 23 X , numerical aperture 0.6 and 0.55, respectively). Transillumination was performed with a tungsten lamp. In all experiments, the level of sharp focus was in the median plane of a venule. Images were recorded on videotape (Panasonic or MGA) through a TV camera (Panasonic or SIT). A zoom lens (Leitz) was used to obtain a final magnification at the front plane of the TV camera of 50X. Vessel diameters were measured with vernier calipers. In three animals, venular RBC velocity was measured with the dual-slit method,I4 using transillumination with a mercury arc.
In three animals, we performed fluorescence microscopy. The intravascular leukocytes were labeled by IV injection of 2.8 to 3.0 mg/kg acridine orange (Chroma, FRG; 0.2% in physiologic saline)." They were visualized with flashes from a xenon arc (Chadwick Helmuth power supply), using incident illumination (Leitz Ploemopak, excitation filter BG12 and BG38; dichroic mirror K490 nm; barrier filter 530 nm).
The polysaccharides used are shown in Tables 1 and 2 , except a sulfated dextran with molecular weight (mol wt) 70,000 and degree of substitution 0.07, ie, average number of sulfate groups per monosaccharide.
The structure of a polysaccharide substituted with electrically charged groups is shown in Fig 1. Dextrans were obtained from Pharmacia Fine Chemicals (Uppsala, Sweden). The neutral dextrans and FITC-labeled dextran, which is slightly negative charged (Table 2) , as well as the dextran sulfate with mol wt 500,000 (Table   1) , were obtained commercially. The other dextrans were synthesized and purified with salt precipitation by Dr T. de Belder (Pharmacia AB, Uppsala).
Xylan sulfate was purchased as SP54 from Bene Chemie (Munchen, FRG). Its xylose units (a pentose) have a ring structure Substances injected to influence leukocyte rolling. SP < ,001 in all cases.
heparin contained carboxyl groups as well (substitution 0.5). Fig l) , but without the sixth carbon group; they are linked 1 to 4.16 Heparin was obtained from Lyphomed (Rosemont, IL) and Organon (Oss, Holland), with a potency of USP 140 to 160lmg (10,000 USPlmL). Its hexose units contain both carboxyl and sulfate groups. Commercial preparations range in mol wt from 5,000 to 30,000 with a mean value of 12,000 to 15,000.'' Protamine (mol wt -4,000)13 was obtained as protamine sulfate from Lilly (10 mg/mL). Glucose-6-sulfate was purchased from Sigma, and sodium sulfate, calcium chloride, and magnesium chloride were purchased from Mallinckrodt.
Substances were dissolved (1% to 10%) in physiologic saline or water, yielding an isotonic solution. They were injected IV as a bolus (1 to 8 mL, lasting 10 to 30 s). Often a series of injections was given (maximum 6; interval 2 to 5 minutes). Cumulative doses were then used to construct a dose-response curve. Because of short duration of the effect, only the first injection was used with protamine and xylan, and the first and second were used for the substances with mol wt 13,000 (Table 1) .
In two animals, plasma concentrations of the sulfated dextran with substitution 0.13 were determined. After injection of 100 mg/kg, samples were taken at 1 and 5 and then every 10 minutes. After acid hydrolysis in 1 N HCI (3 hours at 1Oo"C), the increase in glucose concentration was determined with the o-toluidine method.'" The method could not be used at higher degrees of sulfate substitution.
Analysis of rolling. Collecting venules (diameter > 15 wm)
were selected with a sufficient number of rolling leukocytes. Video recordings for off-line analysis were made before, during, and after an injection (series). In vessels of this size, the number of leukocytes rolling on the endothelium was not influenced by differences in blood flow velocity.'.'' As observed in many rabbits," blood flow velocity in mesenteric venules (20 to 40 pm) ranged from 1 to 6 mmls. For personal use only. on October 3, 2017. by guest www.bloodjournal.org From magnitude less than blood flow velocity. Individual cells moving at flow velocity move too quickly to be detectable by the eye when continuous illumination is used. Therefore, all moving WBC that could be detected by eye were considered rolling cells. They either moved steadily or alternated short periods of almost complete standstill with a quicker move to another position at the wall. Leukocytes rolling out of focus could also be detected easily.
Leukocyte rolling was quantified from video images, if necessary at reduced speed. We counted in triplicate or duplicate the number of all leukocytes rolling through a vessel segment (length one to two diameters) during a period of 1 to 7 minutes, depending on the number of rollers. Cells present in the segment at the beginning of the period of counting were not included. Rolling was expressed as the average number of cells passing per minute. For construction of dose-response curves, we expressed the number of rolling leukocytes remaining after an injection as a percentage of the number of rolling cells in the control situation (Fig 3) .
Data were analyzed with SPSS/PC+ statistical package (SPSS, Chicago, IL). Stray values were defined according to Tukey as outliers or extremes in a box-plot?' In all tests, a P-value greater than 0.05 was considered nonsignificant. Correlations were performed with the Spearman rank test, except for dose-response relations. Paired data groups were compared (two-sided) with the Wilcoxon signed-rank test.
Stat3tics.
Multiple regression analysis was used to describe the doseresponse curves?' Starting with straight line regression, we fitted successive higher order polynomials. Significance of a fit and of the improvement by adding an extra term were tested with the F statistic. In two curves, significant improvement by a higher (third) order term was caused solely by the presence of one high dose point lying far beyond the 90%-inhibition dose. These two points were therefore excluded from the analysis. An example is the point at 80 mgkg (open diamond) of the left curve shown in Fig 3. The appropriate fit (first or second order) was used to calculate the dose giving 90% inhibition. For comparison, 95% confidence intervals were calculated using the 95% confidence bands" of the best fitted straight lines (r 0.90 to 0.98, P < .001). In four curves, the highest data point was excluded. An example is the point at 149 mgkg in the right curve of Fig 3. The 90%-inhibition doses based on these straight lines differed from the former by less than 2.5 and 4 mgkg for the first six and last three substances in Table 1 , respectively.
RESULTS
In 80 venules, leukocyte rolling was observed before (control) and during 93 injections or injection series. Venular diameters ranged from 19 to 54 pm (median 32 For
. Control values of leukocyte rolling ranged from 12 to 188/min (stray value 223). The distribution was skewed to the right with a mode of 37/min (median 64/min). Skewness was 1.03 (SE 0.25), which is significantly higher than zero, the value expected in case of a normal distribution. No correlations could be found between the number of rolling leukocytes and vessel diameter or time elapsed after the abdomen was opened. Table 1 shows the sulfated polysaccharides that were able to inhibit leukocyte rolling. Within seconds after injection, the number of rolling leukocytes decreased or even disappeared completely, depending on the dose. In Fig 2, leukocyte rolling, illustrated at t = 0 and 1 second, could no longer be observed anymore after injection (t = 8.34 and 9.34 seconds). In contrast, WBC that had stuck to the wall for several minutes were not removed.
Inhibition of leukocyte rolling by sulfated polysaccharides was a reversible phenomenon. With the lower mol-wt substances (mol wt < 15,000), rolling cells returned after 10 to 20 minutes and had usually reached levels of about 50% to 100% of control within 20 to 40 minutes. With mol wt 60,000 to 70,000, inhibition lasted 40 to 70 minutes; with mol wt 500,000 inhibition lasted for the remainder of the experiment, ie, at least 90 to 105 minutes. Plasma concentrations of the sulfated dextran with mol wt 70,000 and substitution 0.13 decreased rapidly. Within 45 to 65 minutes after injection of 100 mgikg, 90% had been removed. One minute after injection of this dose, the plasma concentration was 0.6 to 0.7 mg/mL. This is only 25% of the value expected on the basis of the average plasma volume (39 mL/kg) of rabbits?' Figure 3 shows the dose-response curves of two dextrans with similar mol wt (60,000 to 70,000) but different degree of substitution. The substance with substitution 0.13 (Fig 3,  right) was far less effective than that with substitution 1.12. Each curve was best fitted with a second-order polynomial, also shown in Fig 3. When the dose-axis of each curve was normalized with respect to the intersection of its best fit with the 90%-inhibition level (Fig 3) , both curves coincided, or, alternatively, a log dose-effect plot of both curves indicated a similar slope (Fig 3, inset) . This suggests that the difference in potency of both substances is related to a difference in affinity for the cell surface structures to which they bind?3
The doses yielding 90% inhibition are shown in Table 1 , as well as the correlation coefficients ( I ) and polynomial order of the appropriate fits. Comparison of the 95%-confidence limits of these doses indicates that (1) the xylan is significantly more effective than the dextrans, (2) dextrans with a degree of substitution exceeding unity are equally effective despite the huge variation in mol wt, (3) the effect decreases with substitution below unity, and (4) heparin is far less effective than the other substances with a high degree of substitution ( > 1).
Injection of sulfated dextrans at doses inhibiting leukocyte rolling did not cause a change in venular RBC velocity (range 0.8 to 2.4 mm/s; four venules), except for the 500,000 mol-wt dextran. This substance could cause a transitory
Sulfated po&saccharides.
decrease in velocity (maximum 50%) for 5 to 10 minutes. Injection of sulfated polysaccharides did not change blood pressure (BP).
The sulfated dextran with degree of substitution 0.07 did not reduce the number of rolling leukocytes more than about 50%, up to and including a dose of 600 mgikg. The substances that had no influence on the number of rolling leukocytes are shown in Table 2 ; the carboxymethyl-dextrans shown in Table 2 have a degree of substitution similar to that of the last two sulfated dextrans shown in Table 1 . Comparison of these four dextrans showed that negative charge alone is not enough to influence WBC rolling. Inhibition of leukocyte rolling specifically requires the presence of sulfate groups.
Free calcium or magnesium ions have been suggested to be important for leukocyte rolling.' Therefore, we tested in two animals whether inhibition by sulfated polysaccharides could have been caused by a sequestration of these ions. Injection of excess calcium or magnesium ions, however, up to and including 10 times the dose needed to saturate all chelating sites, did not cause leukocyte rolling to recur. Injection of calcium or magnesium chloride alone did not influence the number of rolling leukocytes.
Protamine was also able to-inhibit leukocyte rolling. After a first injection, the effect was short. Rolling leukocytes started to return within 30 to 60 seconds and were back at 50% to 100% of control after 5 to 10 minutes. The dose-response curve was best fitted with a second-order polynomial (y = 100.4 -ll.&c + 0.352, r = .98, P < .001).
The 90%-inhibition dose was 11.8 mgikg (10.1 to 13.8; 95% confidence limits). Each successive injection within a series caused a new decrease in leukocyte rolling, which then lasted longer. After a cumulative dose of 20 to 25 mag, return to control levels took approximately 20 minutes. At these latter doses, protamine could induce a transient decrease in blood flow velocity, probably caused by a decrease in BP. Even at doses of 5 to 10 mg/kg, short decreases (10% to 20%) in BP were noted.
Influence on systemic leukocyte counts. Table 3 shows that disappearance of rolling leukocytes as caused by the substances shown in Table 1 did not result from a removal of WBCs from the circulation. The same was true of protamine. The last two dextrans shown in Table 1 could at their highest doses induce decreases in granulocyte counts to 30% to 40% of control; however, these decreases usually occurred 1 or more minutes after leukocyte rolling had disappeared.
Experiments with fluorescent labeling confirmed that circulating leukocytes were indeed delivered to and flowing in the venules when leukocyte rolling had been inhibited.
Other substances and protamine. For
org From
All sulfated polysaccharides shown in Table 1 were used, except two dextrans (substitution 1.55 and 0.7). The pattern of leukocyte flux in venules became similar to that observed in arterioles, with leukocytes rapidly passing by, often in the center of the stream (Fig 4) . Table 3 also indicates that inhibition of leukocyte rolling by sulfated polysaccharides did not increase the level of circulating granulocytes, eg, owing to mobilization of the marginal granulocyte pool. In contrast, the circulating lymphocytelmonocyte levels appeared to increase. Leukocyte counts remained relatively constant during the first 2 hours of an experiment, but thereafter started to increase. Because this might have influenced the comparison between postinjection and preinjection counts, Table 3 distinguishes between counts obtained before and after 2 hours. In the first group, the change in lymphocytelmonocyte counts approached statistical significance. The data in both groups support each other, however, and in combination suggest an increase in lymphocyte andlor monocyte levels during inhibition of leukocyte rolling by a sulfated polysaccharide.
DISCUSSION
The present study showed in vivo that sulfated polysaccharides are able to inhibit the rolling or sliding of leukocytes along the venular wall. Protamine, which is positively charged, also inhibits rolling. Inhibition is reversible and dose dependent. Leukocytes that had already adhered to the wall for some time remained. Inhibition by sulfated polysaccharides does not result solely from their negative charge: the presence of sulfate groups is essential. The effect increases with the number of sulfate groups up to about one per monosaccharide. The dose needed was independent of mol wt but was influenced by the type of polysaccharide. The inhibition was not caused by an increase in RBC velocity or chelation of divalent cations. The levels of circulating lymphocytes andlor monocytes appeared to increase, but granulocyte counts did not change during inhibition of leukocyte rolling.
In the exposed rabbit mesenteries used in this study, leukocyte rolling was always present without application of chemotactic agents. This is also reported for mesentery of other No significant relation was found between the number of rolling leukocytes and the duration of an experiment, suggesting a relatively constant level of the inflammatory factors involved. These as yet unknown factors differ in their action from the often-used chemotactic agents formyl-methionyl-leucyl-phenyl-alanine (fMLP) and phorbol myristate acetate (PMA). Addition of fMLP to the superfusion solution reduces the number of rolling leukocytes in mesenteric venule^^^^^ As soon as fMLP reaches the preparation, the rolling cells immediately stick more firmly and permanently to the vessel wall. In contrast to PMA-stimulated leukocytes,2s rolling cells in vivo appear to be round and do not show overt shape change with long pseudopods. Therefore, in vitro adhesion assays using these agents may represent firm, prolonged leukocyte sticking rather than rolling.
The levels of wall shear stress in mesenteric venules are 29 dynes/cm2 on the average?6 This is an order of magnitude higher than the levels at which in vitro leukocyte adhesion can be achieved. Adhesion of granulocytes to cultured human umbilical vein endothelium or artificial surfaces decreases with shear and is absent at shear stresses exceeding about 3 dynes/cm2, even after stimulation of one or both cell types with fMLP, PMA, or interIe~kin-l.~*~'*~* In contrast, in venules of the size used in our study the number of leukocytes rolling on the endothelium is not influenced by differences in blood flow velocity or wall shear rate."" This is another reason why current in vitro assays are not representative of leukocyte rolling in venules. The source of endothelium used might be critical, because in arterioles that have the same flow conditions as venules leukocyte rolling is absent.
The reduction in the number of leukocytes rolling on the endothelium after injection of a sulfated polysaccharide or protamine is not caused by a sudden increase in hydrodynamic dispersal forces acting on the rolling WBC. RBC For personal use only. on October 3, 2017. by guest www.bloodjournal.org From velocity and BP did not increase. Moreover, if this had occurred, the neutral and other dextrans (Table 2) might have been expected to show an inhibitory effect as well. This latter finding also indicates that the inhibition did not result from an increase in plasma viscosity or osmolality. Changes in osmolality can influence leukocyte deformability. 29 Inhibition of leukocyte rolling did not increase the level of circulating granulocytes. Approximately half to three fourths of the granulocytes inside the vascular compartment do not c i r~u l a t e .~.~ They are present mainly in lung m i c r o v e~~e l~,~"~~' and this marginal pool can be rapidly m~bilized."~~~' The finding that a reduction in the number of leukocytes rolling in mesenteric venules did not lead to an increase in circulating granulocyte counts indicates that this leukocyte-endothelial interaction is not the main mechanism responsible for the marginal granulocyte pool. In addition, it suggests that in noninflamed tissue granulocyte rolling is a rare phenomenon. Exposure of the mesentery probably induces a mild inflammatory response in this thin tissue.
The reversible nature of the inhibition of leukocyte rolling by sulfated polysaccharides appears to be related to their plasma clearance. The 90%-inhibition dose of a sulfated dextran with mol wt 70,000 was cleared in about 1 hour. Rapid sequestration and desulfation mainly by the liver have been reported in humans for heparin and the xylan used in this A relation between plasma clearance and duration of inhibition might indicate that the molecular structures involved are only temporarily affected. This is supported by the short action of lower mol-wt substances such as heparin. The immediate effect after injection suggests that structures already present and involved in leukocyte rolling were blocked.
Dextrans charged negatively with carboxymethyl groups had no effect on the number of rolling leukocytes; this probably was not caused by a lack in degree of ionization; eg, carboxy-methylcellulose, which like dextran consists of glucose units, has a pKa of 5.5.3' Hence, at blood pH its degree of ionization exceeds 98.5%. In vitro, binding of lymphocytes to autologous erythrocytes could be blocked effectively by sulfated polysaccharides but not by phosphated or carboxylated To be effective, the sulfate groups must be present on a sufficiently large molecule. Glucose-sulfate and sulfate ions had no effect. On the other hand, inhibition of rolling was independent of mol wt indicating that fewer molecules are needed of a large sulfated polysaccharide than of a small one as long as their total mass is the same. It suggests that a large polysaccharide molecule can simultaneously block more than one binding site important for leukocyte rolling.
Heparin was far less effective than dextran or xylan sulfate. Xylan was more effective than the dextrans. These results indicate that in addition to the influence of the density of sulfate groups, the presence of other, nonfunctional moieties and type of sugar has an influence.
Protamine also inhibited leukocyte rolling in a reversible way. It contains 80% to 90% arginine residues and binds readily to sulfated polysaccharides." Therefore, an analogous interaction may be involved in leukocyte rolling along venular endothelium. Negatively charged sulfate groups of proteoglycans on one cell could interact with positively charged arginine and/or lysine moieties of glycoproteins on the other. Repetitive formation and breakup of ionic bonds complies with the transitory nature of the interaction between both cells during rolling. If endothelial proteoglycans are involved in leukocyte rolling, differences in sulfate content, other substituted groups, and type of sugar might explain the difference in leukocyte rolling between arterioles and venules.
In conclusion, sulfate groups but not other negatively charged moieties on polysaccharides can reversibly bind to and block in vivo molecular structures important for leukocyte rolling in venules. The positively charged arginine residues of protamine can do the same. These results leave intact the hypothesis that cell surface proteoglycans play a role in leukocyte rolling. Reduction in the number of rolling leukocytes in mesenteric venules did not lead to an increase in circulating granulocyte counts, indicating that this type of leukocyte-endothelial interaction is not the main mechanism responsible for the marginal granulocyte pool.
